The sugarcane aphid, Melanaphis sacchari (Zehntner), has established itself as a perennial pest of grain and forage sorghums in the United States since the summer of 2013. We conducted traditional plant resistance studies that determine tolerance, antibiosis, and antixenosis in 32 sorghum genotypes when challenged with sugarcane aphids. The genotypes included one exotic plant introduction and 31 seed and pollinator parental lines that are used to produce grain, sudangrass, and forage sorghum hybrids. One seed parent (B11055) and one grain pollinator parent (R13219) expressed significant degrees of tolerance, antibiosis, and antixenosis and were top performers in all three resistance type experiments. An additional group of seed parents (B13045 and B1057) and grain pollinator parents (R11159, R13422, and RTx2908) and the plant introduction (PI 550610) resulted in an intermediate range of phenotypic resistance (i.e., 4.0 < 6.0) indicative of antibiosis from reduced fecundity, increased intrinsic rate of increase, and increased generation times. The forms of resistance expressed in these lines, especially B11055 and R13219, have great potential in breeding programs that can be integrated into useable forms of resistant sorghums.
Our study involved determining if plant resistance existed in some grain and forage sorghums developed by the Texas A&M AgriLife Research Sorghum Breeding Program in College Station, TX. From this program, two grain sorghum seed parents Tx3408 and Tx3409 were registered and released to the public for breeding for resistance to the sugarcane aphid (Mbulwe et al. 2016) . Our focus in the current study was to determine if the genetic resistance to sugarcane aphid in grain sorghums was present in forage sorghum as well. We conducted standard screening techniques that determined the types of resistance, including tolerance, antibiosis, and antixenosis.
Materials and Methods

Germplasm
In total, 32 genotypes were selected for detailed evaluation (Table  1 ). The first entry was Plant Introduction (PI) 550510, which had been previously identified as expressing tolerance to both greenbugs and sugarcane aphids. The remaining 31 entries were from the Texas A&M AgriLife Research Sorghum Breeding Program in College Station, TX, and they were identified as having potential tolerance to sugarcane aphid in field screenings in Weslaco, TX, in October 2014 (Armstrong et al. 2015) . The germplasm represents an experimental elite parental line that can be used to produce grain and forage sorghum hybrids (Table 1) .
Aphid Collection and Culture
Melanaphis sacchari (Zehntner) were collected from re-growth grain sorghum near Bay City, Matagorda County, TX, in August of 2013.
From this collection, a single parthenogenic female was maintained on RTx7000, a susceptible sorghum used in greenbug biotype determinations . The nymphs produced from this female were reared on RTx7000 seedlings grown in 4.4-liter pots fitted with 45-cm-tall cylindrical Lexan (SABIC Polymershapes, Tulsa, OK) sleeve cages ventilated with an organdy cloth covering the top. This clonal colony was maintained by changing to new seedling plants every 2 wk in the greenhouse. The pots and seedling sorghum were maintained on greenhouse benches with two T-8 fluorescent lights that provided supplemental light and a 24-h temperature range of 31 C to 21 C.
Tolerance
A free-choice flat screen was used to determine the degree of tolerance for all sorghum genotypes. There were 10 flats (plastic trays with 128 individual cells, Growers Supply, Dyersville, IA 52042); each flat was considered a block, and each sorghum entry was randomized 20 times using Research Randomizer 2016 (http:// www.randomizer.org). Five of the flats were used to infest and evaluate damage ratings, and the remaining five were used as the non-infested controls for differences in plant height. Two seeds of each sorghum entry were planted in each grow cell, and later thinned to a single when the plants reached the two-leaf stage, which was 2 wk after planting. Each of the five flats of the study were infested with sugarcane aphids reared on RTx7000 by placing heavily infested plants down each row, and across each row within the flat (Starks and Burton 1977) . When the known susceptible sorghum RTx7000 was 90 to 100% dead, all plants in each flat were evaluated for necrosis using a rating of 1-9, where 1 is completely healthy; 2, 1-5% chlorotic; 3, 5-20%; 4, 21-35%; 5, 36-50%; 6, 51-65%; 7, 66-80%; 8, 81-95%; and 9, 95-100% or dead (Webster et al. 1991; Burd et al. 2006) . Following the damage rating, each plant was cut at the soil surface, so plant height could be measured (cm) and the number of leaves could be counted for both infested and non-infested plants. The continuous variables of plant height and number of leaves on a sorghum entry were subject to one-way ANOVA, with sorghum entry means compared (a ¼ 0.05) using least-squares means pairwise comparisons procedure (SAS 9.3, SAS Institute 2010). For the leaf necrosis ratings, the Proc Rank procedure was used to compare rating estimates by sorghum genotype, with necrosis estimates separated (a ¼ 0.05) by least-squares means pairwise comparisons procedure (SAS 9.3, SAS Institute 2010).
Antixenosis
The top 13 sorghum entries from the free-choice and no-choice experiments, including B11055, B13045, B13057, F08337b12, R11159, R13210, R13219, R13242, R13247, RTx2908, RTx7000, PI 550610, and RTx2783, were used to determine the presence of antixenosis. These 13 entries were chosen from the original 32 because they displayed phenotypic resistance from the tolerance evaluation, or were known resistant controls such as RTx2783 or susceptible represented by RTx7000. The methods followed that of Webster (1990) , who evaluated antixenosis from several African sorghums to yellow sugarcane aphid, Sipha flava (Forbes). Using this method, the sorghum entries were planted in a circle around the edge of a 20.3-cm pot. When the plants reached the three-leaf stage (i.e., 15 to 20 cm in height), an estimated 3,000 mixed-aged sugarcane aphids (i.e., 18 mg in weight) were released in the center of the pot and maintained in the greenhouse under supplemental T-6 fluorescent lighting, and a 24-h temperature range (max 29 C and min 24 C). After 48 h, all sugarcane aphids, both nymphs and adults, were counted on each plant from each pot. There were 10 replications (pots) for the 13 entries that were randomly planted around the edge of each pot. Sugarcane aphids were counted from each plant in a pot, and the numbers of nymphs were arcsine square root transformed, and analyzed with one-way ANOVA. Aphid means were compared (a ¼ 0.05) using leastsquares means pairwise comparisons procedure (SAS 9.3, SAS Institute 2010). The LS means statement was adjusted using Tukey's HSD test, and the degrees of freedom approximated using Satterthwaite's formula.
Antibiosis
Two seeds of each genotype were planted in cone-tainers (model SC10, S7S greenhouse supply, Tangent, Oregon 97389) in a threelayer media of potting soil, fritted clay, and sand (from bottom to top, respectively). The cone-tainers each were fitted with an 8-cmdiameter Lexan sleeve, 45 cm in height, and ventilated with an organdy cloth. The containers were maintained in the greenhouse at 23.9 C with a photoperiod of 14:10 (L:D) h. When the plants reached the three-leaf stage or 10-15 cm in height, the most vigorous plant was kept, whereas the other was removed. Two sugarcane aphid nymphs from our Matagorda County, TX, collection were transferred to each sorghum entry by using a camel hair brush and allowed to develop on the sorghum until reproduction occurred, followed by removing all aphids except a single nymph. From the time the single nymph turned to adult and started producing offspring, life parameters such as pre-reproductive period (birth to the onset of reproduction), reproductive period (days in reproduction) and fecundity (counted every 24 h) were summed over the life of the founding female for total fecundity. Statistical parameters used for determining antibiosis included the intrinsic rate of increase (rm), generation time (T), finite daily rate of increase (k), and doubling time (DT). Intrinsic rate of increase utilizes the (rm ¼ 0.738(loge Md/d) formula, where d is the pre-reproductive period of F1 in days, and 0.738 is the slope of Md over "d" days (Wyatt and White 1977) . Generation time was the time required for the population to achieve one generation and calculated using Td ¼ d/0.738 (Wyatt and White 1977) . The finite daily rate of increase (k) is a function of the antilog of rm. Doubling time was calculated by the formula DT ¼ [loge (2)]/rm (DeLoach 1974) . There were 10 replicates of each sorghum entry and nymphs were counted every 24 h until the death of the founding female.
Results
Tolerance
The free-choice flat screen provided a wide variety of phenotypic responses in sorghum entries exposed to heavy sugarcane aphid infestation in terms of damage rating (df ¼ 31, 521; F ¼ 9.85;
; P > 0.001), and in the number of leaves (df ¼ 31, 521; F ¼ 4.22; P ¼ <0.0001; P > 0.05; Table 2 ). The two lowest damage ratings of 2.1 and 2.3 came from B11055 and R13219, respectively, and both showed very strong resistance to the sugarcane aphid, very similar in phenotypic response to RTx2783, which scored a 3.1 (Table 2 ). There were seven sorghum entries that were intermediate in damage ratings (> 4.0 and < 6.0), including B13045, B13057, R11159, R13242, R13247, and the greenbug biotype C and E resistant PI 550610. Even though damage ratings <6.0 are considered intermediate resistance, this resistance is notable because of the extreme sugarcane aphid pressure the sorghum entries were under in this evaluation. The remaining 21 entries had damage ratings between 6.0 and 9.0, and the susceptible check scored a 9.0. Plant heights for the least damaged lines B11055, R13219, and RTx2783 were 27.1, 27.9, and 26.9 cm, respectively, showing a high degree of sugarcane aphid tolerance compared with the plant height of the susceptible check, which was 13.4 cm. Differences in infested and non-infested plant height within a sorghum entry are even more useful, as they eliminate inherent differences in growth rates. In this case, B11055 and R13219 had the least reduction in plant height with 4.7-and 5.1-cm difference between infested and non-infested, respectively. The other resistant check (RTx2783) had a 7.7-cm difference in plant height and was not statistically different than the R13219, but both demonstrated greater reductions than in B11055 (Table 2 ). There were other entries that had plant height differences similar to the resistant check RTx2783, including R1326, R13248, R13247, R13241, R13242, and R13032, but they all had significantly higher damage ratings (> 6.0) and their non-infested counter heights were also significantly shorter. Greater number of fully expanded leaves on a sorghum genotype under heavy sugarcane aphid pressure is another indication of tolerance. The entries with the greatest number of leaves were B11055 and R.13219, but owing to the narrow numerical differences (i.e., a range of 2.7 to 3.3) present in the test, significant differences were minimal for this trait.
Antixenosis
There were distinct differences (df ¼ 12, 117, F ¼ 10.83; P ¼ <0.0001) in the preference of sugarcane aphids to the 13 sorghum entries that scored < 6.0 for damage ratings (Fig. 1) . Significantly fewer nymphal sugarcane aphids settled on entries B11055, R13219, and R.Tx2783 (Fig 1.) . Fewer than 40 nymphs settled on B11055, fewer than 80 on R13219, and 60 on RTx2783. All the remaining entries had greater than 100 nymphs. In total, 246 adults were counted across all entries, and they represented only 8.2% of the total captured aphids. On a single plant, a total of seven adults was the highest number recovered; 0 was the lowest.
Antibiosis
There were varied and significant differences in the sugarcane aphid pre-reproductive period, reproduction per day, and female longevity. The longest pre-reproduction period was 10.2 d on RTx2783, 10.1 for PI 550610, and 9.9 d for B11055; all statistically higher than the remaining sorghum entries (Table 3) . Entry R13219 (which had the lowest damage rating of 2.3 in the flat screen) was in the mid-range in pre-reproduction time of 8.5 d. The shortest prereproductive period was 6.4 d for B13057 that resulted in a 5.5 on damage rating. All other entries ranged in pre-reproductive periods of 7.5 for R1159 to a 7.3 for both RTx7000 and R13247, respectively. Reproductive period ranged from 27.6 d for the susceptible check RTx7000 to 7.7 d for RTx2783 (Table 3) . Even though the highly resistant R13219 had a shorter pre-reproductive period, it also had one of the shortest reproductive periods, as did PI550610, RTx2908, RTx2783, R13247, and B11055. These significantly shorter reproductive periods are an indication of antibiosis. The total number of nymphs produced (fecundity) from each female is one of the most discernible indicators of sugarcane aphid reproductive potential. Entry means by genotype ranged from 61.3 per female on the susceptible control RTx7000 to 10.4 nymphs per female for R13219, which is a 4.4-fold difference in nymphs produced (Table 3 ). Additional entries that were statistically similar to the fecundity of R13219 were RTx2783 (11.3), B11055 (16.6), and PI 550610 (23.8).
Three groups of genotypes were delimited based on the finite daily rate of increase (k). The lowest intrinsic rates of increase k (rm) from the 13 sorghum entries were on RTx2783, R13219, B11055, PI 550610, and RTx2908, and these lines had a 2.6-to 1.8fold decrease compared with the susceptible RTx7000, which had an rm of 0.44 (Table 4 ). The mid group was R13247, R13242, R13210, R11159, F08337b12, and B13045. The statistically highest k came from RTx2908 and B13057, with both being 1.55. The longest generation times (T) that were statistically higher in days came from RTx2783, PI 550610, and B11055 with 13.8, 13.7, and 12.7, respectively (Table 4 ).
Discussion
Host plant resistance in sorghums has been an indispensable and economically valuable tool in managing aphid pests when used in conjunction with other compatible control tactics (Smith 2005) , and this has been especially useful for greenbugs (Kofoid et al. 2012 , Reese et al. 1994 ) and, more recently, for sugarcane aphids (Teetes et al. 1995 , Sharma et al. 2013 , Sharma et al. 2014 , Armstrong et al. 2015 . Of the 31 elite lines evaluated, 6 were standard checks and 25 were experimental parental lines from the Texas A&M AgriLife Breeding Program. These lines are further categorized into three groups of (1) seven seed parents used to produce both grain and forage sorghum hybrids, (2) six pollinator parents used to produce forage and sorghum sudangrass hybrids, and (3) two pollinator lines used to produce grain sorghum hybrids (Table 1) . As mentioned previously, these lines were selected from an unreplicated screening nursery grown in the fall of 2014 in Weslaco, TX, where heavy sugarcane aphid infestations killed susceptible genotypes.
Our host plant resistance experiments have categorized these 32 germplasms into three groups. The first group, composed of a seed parent B11055 and grain pollinator parents R13219 and RTx2783, is defined as highly resistant, as it scored < 3.0 on a damage rating scale of 1.0-9.0. In addition, the antibiosis and antixenosis ratings from these three lines were consistently the most resistant. The strong resistance in B11055 validates its release as Tx3408 (Mbulwe et al. 2016 ). The second group, composed of seed parent (B13045 and B13057), several grain pollinator parents (R11159, R13242, and RTx2908), and the plant introduction (PI 550610), was intermediate in its expression of phenotypic resistance (i.e.,> 4.0 and < 6.0) in a free-choice flat screen, and it varied in its levels of antibiosis and/or inhibition of reproductive parameters such as fecundity and generation times. The third group was composed of the remainder of the lines in the trial, and it included seed parents, all of the forage/sudangrass pollinator parents, and the majority of the grain sorghum pollinators. These lines had little to no tolerance in a free-choice flat screen and, in most cases, did not inhibit reproductive fitness of the aphids in antibiosis and/or antixenosis evaluation compared with the susceptible checks.
In some cases, the greenhouse results have confirmed the initial field ratings, and in some cases, the initial field screenings were clearly incorrect, meaning that in the field, they likely escaped exposure to the sugarcane aphid, leading to the false-positive rating. When combined, the results clearly indicate the relative importance of both screening tools. Initial field screenings are valuable for the evaluation of large numbers of genotypes, and once those genotypes have been prescreened, the selections should be evaluated in greater detail and with more precise greenhouse testing to confirm the categories of resistance that are present in the germplasm.
Highly resistant germplasm was detected among both seed parents and grain pollinator parents, but the forage/sudangrass sorghum pollinators were almost exclusively susceptible to sugarcane aphid. The results indicate that the resources to produce resistant grain sorghum hybrids are available, and hybrid testing for agronomic and sugarcane aphid tolerance should be effective to increase the number of sorghum hybrids resistant to the sugarcane aphid. The results also indicate that breeding to produce tolerance and/or resistance in forage/sudangrass pollinator should be a high priority in sorghum breeding programs. While those lines are in development, it is known that the resistance in Tx3408 is dominant, meaning that tolerance is presented in its hybrids. These hybrids will provide greater levels of production than simply susceptible hybrids until even more resistant hybrids are developed.
In summary, the resistant sources exhibited equally high levels of tolerance, antibiosis, and strong antixenosis expression. To date, it was believed that tolerance was the main expression of resistance (Armstrong et al. 2015) , but these experiments clearly demonstrate that genotypes that are least affected by the sugarcane aphids use all three forms of resistance. Genotypes that are moderately affected by sugarcane aphid typically have two of the three tolerance mechanisms. This information is of particular value in developing and deploying sugarcane aphid resistance in sorghum breeding programs.
